Summary
This paper shows the international comparisons of industrial robot penetration. The results of comparisons are summarized as follows:
(a) There is a big gap of robot density between the leading country, Japan and other major developed market economy countries.
(b) However, the penetration trend curves show a very similar pattern among those countries.
(c) Therefore, the differences of I.R. penetration can be expressed by introducing a time-lag for each country. The time-lag of other countries are estimated by regression analysis for multi-national time-series data, resulting in a figure of 4.4 to 7.8 years behind Japan.
(d) With regard to the application and industrial distribution of I.R., remarkable differences are found between Japan and other countries, namely, with regard t o assembly robots in the Japanese electric/electronics industry as opposed t o welding robots in the automotive industry of other countries.
Foreword
One of the important tasks of the CIM project is t o investigate the diffusion of advanced manufacturing technologies, such as CIM and its components, for various countries in the world. T h e viewpoint of international comparisons is of great importance for international institutes such as IIASA.
The present paper analyzes the penetration of industrial robots, important components of CIM, from this viewpoint. T h e d a t a for the international comparisons are based on the existing statistics. This paper is the second one of the studies entitled "International Comparisons." Milan Maly published the "Economic Benefits of FMS (East-West Comparison)" a s the first paper of this kind and in the near future the CIM project will continue t o publish new papers under the same headline.
The international comparisons in this paper give us interesting results and new questions t o be investigated in further work. T h e previous studies of the author, "Future Penetration of Advanced Industrial Robots in the Japanese Manufacturing Industry" and "Enterprise Size and Its Impact on Penetration of Industrial Robots", indicated t h a t it is the augmentation of labor which has so far been the main driving force behind robotization, and the price of labour explains quite well the diffusion of robotics. This report shows that these conclusions have some generality. These phenomena can also explain the diffusion patterns of different industries and application patterns. However, we can expect the diffusion t o become more complicated with the increasing share of systems applications, such as assembly and FMS applications as well as with the increasing technological sophistication of robots.
Introduction
It is of great importance to investigate the diffusion of high-technologies such as CIM (Computer Integrated Manufacturing) from the viewpoint of international comparisons.
Some countries introduced these new technologies earlier than other countries. As a result, we can see the different penetration levels not only between the developed countries and the developing countries, but also among the developed countries.
As a part of the international comparisons of the diffusion of CIM technologies, we focus in this paper on the penetration of industrial robots for major developed countries.
Several papers have so far reported on international comparisons of industrial robots.' However, the comparisons in these papers have been faced with the following difficulties:
( 1 ) Definition and classification of industrial robots are different among the countries to be compared;
(2) Statistics of the industrial robots are usually compiled from the viewpoints of I.R. suppliers. The data from the viewpoints of I.R. users are often not available.
(3) There are only a few time-series data of I.R. population which are internationally comparable.
In this paper we made an effort to collect and review the data of industrial robot population reported recently in various countries, and to make international
comparisons of the penetration levels and patterns of industrial robots. In other words, this paper tries t o answer the following questions:
(a) How big are the differences of the present I.R. penetration among the developed countries?
(b) Do the penetration trend curves show the different patterns among the above countries?
(c) How many years of time-lag in diffusion of 1.R. has each country? According t o the definition by I S 0 we have, in order t o compare the d a t a of industrial robots internationally, adjusted the Japanese d a t a in this paper by excluding "manual manipulator" d a t a and "fixed sequence robot" data. (Edquist and Jacobsson also made an effort t o adjust in their paper; however, the adjustment is insufficient.)
In addition, some statistics of I.R. in Italy also include "fixed sequence manipulators". Therefore, the same adjustments are made for the Italian data. Therefore, we use I.R. population density in this paper. The reasons why paid employment in manufacturing is selected as a denominator are partly due to availability of reliable and comparable time-series data for many countries, and they are partly due to the fact that almost all I.R. are used in the manufacturing sector.
Definition of the Penetration Level
Edquist and Jacobsson [Edquist & Jacobsson 861 have chosen to use employment in the engineering industry in the denominator since most robots are actually used in this industrial sector. As they mentioned, however, the picture is very much the same if employment in the whole manufacturing sector is used.
Comparisons
In The above data are mainly based upon the following references:
We calculate the 1.R. densities according t o equation ( I ) , using Table 1 and paid employment in manufacturing as shown in Table 2 . Table 3 shows the past trends of I.R. density for the eight countries.
According t o Table 3 , Japan has been the leading country since 1981, while Sweden was the leading country until 1980. If we look a t robot density in 1984, we find Japan with 5.553 robots/thousand employment, Sweden with 3.565, Belgium with 1.126, and other countries with less than 1.0.
In smaller countries with one million workers in manufacturing, such a s Belgium and Sweden, special situations as, for example, some big company's installation of I.R., might greatly contribute t o the high level of robot density for whole country.
From the above statistical viewpoints we will compare the robot density among the six major countries with more than 4 million employments in manufacturing. According t o Figure 2 we can see the similar gradients of the penetration curves, which denote the annual increase rates of robot density among the six countries, excluding the U.S.A. curve until 1980. In the U.S.A. the annual increase rate of robot density during the latter half of the 1970's was lower than the usual case, which may be called a "slowdown of robotization." T h e U.S.A. has, however, recovered its robotization speed since 1980, which has thus become similar t o the usual case. As shown in Figure 1 , there is a big gap of I.R. penetration in terms of absolute figures between Japan and other countries. But the annual increase rates are almost similar among these countries as shown in Figure 2 . This implies t h a t a common trend pattern exists for penetration of I.R. In other words, the differences of l.R. densities can be expressed by introducing time-lag parameters for each country.
In order t o compare the trend patterns among several countries, simple time trend analysis is usually used for each country. After that, comparisons of the estimated parameters of the trend curves are made among several countries. However, such a simple method can not give us the time-lag parameters explicitly. Therefore, we introduce in this paper a method of multi-national trend analysis as described below, in order t o clarify the above structure.
In this method we firstly introduce a country d u m m y variable Xi for the i-th country as defined below.
By adding these dummy variables t o time variable t as explanatory variables, the robot density of the i-th country a t the time t , namely ( I Y / L )~~, can be expressed in the following form:
where m denotes the number of countries. A, b, and a are parameters t o be determined later in the regression analysis.
The reason why j ranges from 2 t o m in the second term of the right-hand side of equation (3) is t h a t the number of independent dummy variables is m-1, because of the following relationship among them:
In this paper we set forth t h a t Japan is the first country ( i = l ) .
In order t o clarify the meaning of parameters A, b, (j=2"m) and a , we can write down equation (3) The parameter a denotes the common annual increase rate of robot density.
As explained above, one regression analysis is applied for all of the multi-national time-series d a t a through the introduction of country dummy variables.
As a result of this regression analysis, the common speed of robotization among the countries and the time-lag of I.R. penetration in each country will be estimated explicitly. Table 5 summarizes the results of this analysis, and the d a t a used are shown in Table 4 .
Results of the Analysis
As can be seen from Table 4 , the regression analysis gives us the good results in statistical form.
If we shift the penetration trend curve by the time-lag for each country, almost the same trend curve can be drawn as shown in Figure 3 .
According to this estimation the annual increase rate is 47%, a t which the robotization has so far proceeded in major developed market economy countries.
As to the time-lag, Japan is the leading country, the USA is the second with a timelag of 4.3 years behind Japan, the FRG comes next with 4.9 years behind, and 5.8 years,
6.3 years, and 7.5 years are the respective figures for the FRG, France and the UK.
The above results are considered useful for predicting future penetration of IR in various countries. If we investigate the penetration curve in the leading country, this result can also be applied to other countries, taking into account time-lag parameters. 
Cross-sectional analysis
In this chapter we will investigate the reasons why I.R. penetration levels in 1984 are different among countries.
Although there are many factors inducing such differences, we focus on the wage rate factor in this paper. The reason is as follows:
According t o Mori [Mori 871 and Tani [Tani 871 , the ratio of wage rate t o robot price is one of the most important factors affecting the degree of robotization. In the case of international comparisons, the price difference among countries is considered small for the same type of robot, because I.R. are exported/imported internationally. The result of the regression analysis is shown in Table 6 . According t o Table 6 , the correlation coefficient squared between these variables is 0.808 in case of excluding the U.S.A., while it is 0.191 for all of the eight countries. If we exclude the d a t a of the USA, we can see the general tendency that a country with higher wage rates has introduced more I.R.
This tendency is also observed in nationally-based analyses.
Exchange rates have greatly changed since 1984, especially as the US dollar is getting lower a t present compared t o the values of 1984.
If the point of the USA were shifted t o the left on the line of the regression equation
in Figure 4 , the exchange rate could be 124 yen/US dollar, which is very near t o the latest rate in 1987. As we have seen from the above, it is very difficult t o compare the monetary value indicator among the various countries during a period of unstable exchange rates. However, the wage rate can be pointed out as one of the most important factors in the case of international comparisons of I.R. penetration. Table 7 shows the international comparison of industrial robots by applications.2 I.R. are used mainly in the fields of welding (spot welding and arc welding), loading/unloading, assembly and painting. Plastic injection moulding is also one of major applications both in the U K and Japan. Among the major applications welding and assembly are most important a t the present stage of robotization in the world.
Applications
(a) W e l d i n g
Welding robots accounted for 67.2% in Belgium, 63.5% in Spain, 49.2% in the F R G , 38.8% in Italy, 30.5% in the UK and 23.1% in Japan. In the European countries it can be said t h a t welding is the most important application of I.R. Although Japan apparently has the lowest share, it must be noted that the absolute level of I.R. penetration in welding is more than two times higher than in the European countries. As explained later, a high share of welders in 1.R. is related t o a high share of automotive industry.
Within welding applications, spot welding was dominant in the European countries, while arc welding was dominant in Japan.
( b ) A s s e m b l y Japan has a much higher share of assembly robots compared t o t h a t of other countries.
In Japan this share was about 40% during the period from 1982 t o 1985, while it was only about 10% in other countries.
T h e gap of introducing assembly robots leads t o the gap of I.R. penetration as a whole.
'only few statistical data are available about robotizat,ion in the USA. The co~nparieons between Japan and the USA are shown in Appendix A. The detailed data of Table 7 is shown in Appendix B.
As explained later, most assembly robots are used in the electric machine industry (including the electronics industry) in Japan. With regard to the absolute level, Japan has a more than twenty times higher penetration of assembly robots than other countries.
T a b l e 7. Application distribution of I.R. 
(a) A u t o m o t i v e I n d u s t r y
The automotive industry is the largest user of industrial robots in European countries.
The share of automotive industry is about 70% in Spain and Belgium, about 50% in Italy.
The recent US Industrial Outlook published in 1987 reported t h a t nearly half of the installed units were in automotive and automotive-related industries.
On the other hand, the Japanese automotive industry has about a quarter of all robots in Japan. With regard t o the absolute level, however, it must be noted t h a t the Japanese automotive industry has a more than two times higher robot density than other countries.
(b) E l e c t r i c / E l e c t r o n i c s I n d u s t r y
This industry is the largest user of I.R. in Japan, whose share is about 34%. In contrast, the share of this industry is much lower in other countries than in Japan. For example, it is about 10% in the UK and Italy, and less than 2% in Spain and Belgium.
This gap is related t o the gap of assembly robot penetration.
3~h e detailed data of Table 8 is shown in Appendix C. 
Relationship between application and industrial distribution
The conclusions of the previous two chapters are summarized a s follows:
In Japan, the largest user is the electric/electronics industry and the largest application is assembly, while the automotive industry and welding robots have the largest share in other countries.
In order t o investigate the differences mentioned above, we will look a t the applications of I.R. in the Japanese automotive and electric machinery industries. Table 9 shows the application share of these two industries.
As shown in Table 9 , the share of welding robots is 65% in the Japanese automotive industry, which is similar t o other countries. In contrast, 82.5% of I.R. in the Japanese electric machinery industry are occupied by assembly robots. Roughly speaking, the following relationship can be observed.
Industry vs application
Automotive <--------> Welding Electric/Electronics <-------> Assembly
Taking into account the time-lag and the differences in industrial distribution of I.R.
between the leading country, Japan, and other countries, the following hypothesis may be considered.
Robotization has started mainly in the automotive industry for welding a t the first stage of diffusion. T h e second stage of robotization started mainly in the electric/electronic industry for assembly about five years after the first stage.
However, the actual Japanese diffusion pattern of I.R. by industry is not so simple.
According t o Total 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
Conclusions
As described in Chapter 1, this paper tries t o answer the six questions about the differences of I.R. penetration in various countries. The conclusions of this paper are summarized below:
(a) Differences amounting t o a factor of more than five in I.R. penetration are not only observed a t present, but they also existed ten years ago between the leading country, Japan, and other major countries.
(b) The penetration trend curves show a very similar pattern among the above countries, including Japan.
(c) The differences of I.R. penetration can be expressed by introducing a time-lag for each country. The time-lags behind Japan range from 4.4 t o 7.8 years fro the USA and the major European countries.
(d) The application distribution of I.R. is different between Japan and other countries, i.e., assembly robots prevail in Japan, while welding robots prevail in other countries.
(e) The industrial distribution of I.R., as well as their application, is also different between these countries, i.e., they are mainly applied in the electric/electronics industry in Japan, and in the automotive industry in the other countries.
(f) Industrial robots have so far been used mainly as welders in the automotive industry and as assemblers in the electric/electronics industry. The above two distributions are strongly correlated.
Finally, the latest d a t a on industrial robots in various countries are still being collected. For example, we received the news that the robotization in some countries showed the slowdown in 1986. Therefore, we plan t o revise this working paper by updating the d a t a next year as soon as possible.
Nevertheless, it might be said that the d a t a and the results of the analysis described in this paper can be regarded as a useful tool for further investigations on international comparisons of high technology diffusion such as CIM. 
